Abstract. Ghrelin is a novel brain-gut peptide that stimulates food intake and may secondarily increase body weight via a growth hormone secretagogue receptor (GHS-R). Tumorbearing mice (MCG101), characterized by anorexia, fat loss and muscle wasting due to increased concentration of PGE 2 and proinflammatory cytokines (IL-1ß, IL-6, TNF-·), were provided ghrelin i.p. at a low (20 μg/day) and high dose (40 μg/day) to examine the ability of ghrelin to counteract tumor-induced anorexia. Immunohistochemical staining and Western blot analyses were used to identify GHS-R expression in the brain as well as its relationship to NPY expression in hypothalamic neurons. GHS-R mRNA in hypothalamus and ghrelin mRNA in gastric fundus were quantified by RT-PCR. Body composition was determined by carcass extractions. GHS-R expression in hypothalamus and plasma ghrelin levels were significantly increased in freely-fed tumor-bearing mice, while gastric fundus expression of ghrelin was unaltered compared to non-tumor-bearing mice (controls). Ghrelin treatment increased food intake, body weight and whole body fat at both low and high doses of ghrelin in normal controls, while tumor-bearing mice showed improved intake and body composition at the high dose of ghrelin only. Exogenous ghrelin normalized the GHS-R expression in hypothalamus from tumor-bearing mice without alterations in the gastric fundus expression of ghrelin. Tumor growth was not altered by exogenous ghrelin. Our results indicate that MCG 101-bearing mice became ghrelin resistant despite upregulation of hypothalamic GHS-R expression, which confirms similar indirect observations in cancer patients. Thus, other factors downstream of the ghrelin-GHS-R system appear to be more important than ghrelin to explain cancer-induced anorexia.
Introduction
Anorexia is a major factor behind progressive weight loss in cancer (1) and the mechanisms behind it are not well understood. Ghrelin, a circulating endogenous hormonal ligand to the growth hormone secretagogue receptor (GHS-R), is synthesized primarily in X/A-like endocrine cells in gastric oxyntic glands in fasting conditions. Ghrelin may therefore act as a counter-regulatory orexigenic signal to hypothalamus during the negative energy balance in cancer (2) (3) (4) (5) (6) (7) (8) (9) . GHS-R is expressed in the arcuate (ARC), paraventricular (PVN), and ventromedial (VMH) hypothalamic nuclei (10) (11) (12) in the brain, which are all implied in body weight control. Thus, ghrelin may offer a possibility to improve appetite in weight losing tumor-bearing hosts. Plasma ghrelin is reported to be negatively correlated to body weight and was consequently elevated in patients on a low-calory diet (6, 13) and in anorexic cancer patients (14, 15) . Thus, fasting elevates circulating ghrelin based on increased gastric production concurrently with elevated hypothalamic GHS-R mRNA expression (16, 17) . Accordingly, ghrelin can stimulate food intake following both systemic (ip.) and intracerebroventricular (ICV) provision with subsequent weight gain (8, 18) . Meal intake and food appreciation were also reported to be improved following acute short-term infusion of ghrelin to cancer patients with anorexia (19) . However, the results of ghrelin provision to tumor-bearing animals are not unanimous so far. Peripheral ghrelin administration increased food intake and suppressed weight loss in human melanoma-bearing nude mice (20) , while only a melanocortin receptor antagonist (SHU9119) completely reversed cancer anorexia in tumor-bearing rats without any improved effects by ghrelin and neuropeptide Y (NPY) (15) . Therefore, the effects of ghrelin on appetite control and body composition deserve additional study to understand the possibilities and limitations in therapeutic application. The present study evaluates effects by ghrelin on food intake, body composition and tumor growth in relationship to hypothalamic expression of GHS-R and gastric fundus expression of ghrelin in tumor-bearing mice following i.p. provision of low and high doses of exogenous ghrelin.
Materials and methods
Animal experiments. The experimental protocol was approved by the Committee for Ethics at the Göteborg University. Adult female age-matched C57BL/6 mice (16-18 g) (Taconic M&B A/S, Denmark) were housed in plastic cages in a temperature controlled room with a 12-h dark/light cycle. The animals received laboratory rodent chow (B&K Universal AB, Stockholm, Sweden) and tap water ad libitum for 14 days before the experiments. Mice were separated into groups of 3-4 mice per cage with a wire floor. The groups were as follows: sham-injected tumor-bearing (TB), tumor-bearing on low-dose ghrelin (TB-GhL, 20 μg/day), and tumor-bearing on high-dose ghrelin (TB-GhH, 40 μg/day). Non-tumorbearing freely-fed controls (FF) received either sham injection or low-(FF-GhL) or high-dose ghrelin (FF-GhH). All groups were allowed 3 days to adapt to the wire-floor cages before the start of the experiments. The experimental procedure started on day 0 with either tumor or sham implantation under general anesthesia [a combination of Ketalar ® ketamine hydrochloride (Warner Larbert Nordic AB, Solna, Sweden), 100 mg/kg i.p., and Rompun ® xylazine hydrochloride (Bayer Sverige AB, Göteborg, Sweden), 5 mg/ kg, i.p.].
Tumor-bearing mice were implanted s.c bilaterally in the flank with 3-5 mm 3 of a transplantable MCG-101 methylcholanthrene-induced sarcoma. Non tumor-bearing mice were sham implanted. All animals had free access to chow and water ad libitum during the entire experiment. Daily food intake and body weight were registered between 0800 and 0900. From day 6, ghrelin (rat, mouse, 031-31; Phoenix pharmaceuticals, Belmont, CA, USA) was administered i.p. at 10 μg/100 μl saline (low dose) and 20 μg/100 μl saline (high dose), twice daily at 08:00 and 17:00 h. The control groups were administered 100 μl saline. All mice were sacrificed on day 10 after tumor implantation, 15 h after the final administration of ghrelin. Blood samples were obtained by cardiac puncture during general anesthesia. Plasma was removed immediately for total ghrelin and PGE 2 determination. Fresh brain hypothalamus and gastric fundus tissue were collected for RT-PCR and Western blot analysis of GHS-R and ghrelin respectively. Body composition was analyzed and body or carcass dry weight (exclude tumor), and whole body fat and tumor dry weight were determined as described (21) .
In some mice, brains were rapidly removed and placed for 20-24 h of post-fixation in paraformaldehyde at room temperature following saline vascular bed rinsing and 20-ml room-temperature 4% paraformaldehyde perfusion for GHS-R and NPY immunohistochemistry staining. The specimens were paraffin-embedded and cut into 8-μm sections for subsequent use. The arcuate (ARC), paraventricular (PVN) and ventromedial hypothalamic nuclei (VMH) were located according to Franklin and Paxinos (22) and verified by light microscopy of sections stained with Wright's hematoxylin in sequential sections.
RNA isolation and quantification. Brain hypothalamus tissue, snap-frozen in liquid nitrogen or kept in RNA-later, was homogenized and total RNA was extracted using an RNeasy lipid tissue kit (Qiagen). Gastric fundus tissue, kept in RNAlater, was homogenized and total RNA was extracted using an RNeasy fibrous tissue kit (Qiagen). Total RNA samples were treated with DNAse 1 prior to the RT reaction to remove genomic DNA contamination before RT-PCR analysis. Total RNA concentration was estimated by spectrophotometry. The quality and quantity of RNA were always checked using an Agilent 2100 Bioanalyzer before quantification of GHS-R transcripts following the protocol of the RNA 6000 nano assay kit, where the ratio of 28S and 18S rRNA was determined.
cDNA synthesis and quantification. One microgram of total RNA was reverse transcribed using oligo d(T)-primer and the Moloney murine leukemia virus (MMLV) reverse transcriptase according to kit instructions (1st strand cDNA synthesis kit, Clontech). The efficiency of the cDNA synthesis and the quality of RNA were estimated in parallel by PCR using Clontech's positive control amplimer. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a house-keeping gene, checked as constant among the animal groups. Control RNA from human placenta was used as positive control. For cDNA synthesis, a parallel reaction was performed with samples taken at random without reverse transcriptase (RT) and utilized in PCR as a negative control. Analysis of amplicons was run on an Agilent 2100 Bioanalyzer following the protocol of the DNA 1000 assay kit to quantify the cDNA amount.
PCR amplification and quantification. Specific sense and antisense primers for GHS-R and ghrelin were based on mammalian GHS-R and ghrelin cDNA sequences (23) . The sense primer for GHS-R was 5'-CTG CTC TGC AAA CTC TTC C-3' and the antisense primer was 5' CTT CCT CCC GAT GAG ACT GT-3'; product size 375 bp. PCR amplification was performed using initialization at 94˚C for 2 min, 32 cycles of 94˚C for 30 sec, 62˚C for 30 sec, 72˚C for 30 sec, and a final elongation step for 10 min at 72˚C. The sense primer for ghrelin was 5'-CCA TCT GCA GTT TGC TGC TA-3' and the antisense primer was 5'-CGG ATG TGA GTT CTT GCT CA-3'; product size 394 bp. PCR amplification was performed using initialization at 94˚C for 2 min, 28 cycles of 94˚C for 30 sec, 61.5˚C for 30 sec, 68˚C for 30 sec, and a final elongation step for 5 min at 68˚C. The primers were synthesized by Scandinavian Gene Synthesis AB, Sweden. Optimal numbers of amplification cycles were determined when analyzing the relationship between PCR cycles and product accumulation to ensure that PCR was within the area of linear amplification. Temperatures were optimized using a Mastercycler gradient (Eppendorf). Predicted long fragments were amplified under various cycle conditions. PCR reactions were performed using a BD Advantage™ 2 PCR kit (BD Biosciences Clontech), with a concentration of 0.2 mM of each dNTP (dATP, dCTP, dGTP, dTTP), SA PCR buffer [10 mM Tris-HCl (pH 8.5), 50 mM KCl, 2 mM MgCl 2 ], polymerase mix including BD Titanium Taq DNA polymerase, a small amount of proofreading polymerase, and BD Taqstart antibody (1.1 μg/μl) in storage buffer at a final glycerol concentration of 1.0%: Tris-HCl (pH 8.0) 0.3 mM, KCl 1.5 mM, EDTA 1.1 μM, 0.4 μM of each primer (sense and antisense) and 1 μl cDNA to a final volume of 20 μl. A negative control for the PCR reaction without cDNA was used. PCR products were checked in an Agilent 2100 Bioanalyzer following the protocol of the DNA 1000 assay kit for quantification. The results were expressed by ratio to the value of GAPDH [GHS-R or Ghrelin/GAPDH (nmol/nmol•10
2 )]. Parallel negative controls were confirmed by using diluant instead of primary antibody. Control stainings were undertaken with either the first or the second antibody as well as by incubation with normal serum from the species in which the primary antibodies were raised. In addition, the specificity of the primary antibodies was tested by preincubation with corresponding blocking peptides.
Statistical analyses. Time course changes of food intake among different groups were compared by ANOVA for repeated measures. Statistical analyses are presented as differences among groups over time, changes within groups over time and interactions between group and time. Other comparisons were performed by ANOVA for factorial measurements. Results are presented as mean ± SEM. A p≤ 0.05 was considered statistically significant in 2-tailed tests. 
Results
Food intake. Tumor growth induced anorexia after day 5 following tumor implantation and food intake in tumor-bearing mice became significantly reduced at day 7 (p<0.05, Fig. 1 ). Ghrelin treatment increased food intake effectively in nontumor-bearing mice but was considerably less effective in tumor-bearing mice (Fig. 1) . Thus, cumulative food intake from days 6 to 10 was increased in freely-fed non-tumorbearing mice at both low and high doses of ghrelin provision (p<0.05, Fig. 2 ), while only the high dose of ghrelin improved food intake in tumor-bearing mice (p<0.05, Fig. 2 ).
Body composition and tumor growth. Body composition analysis showed that both low and high doses of ghrelin increased body dry weight as well as whole body fat in freelyfed non-tumor-bearing mice (p<0.05), while only the high dose of ghrelin improved carcass dry weight and whole body fat in tumor-bearing mice (p<0.05, Fig. 3 ). Ghrelin treatment did not alter tumor growth (p>0.05, Fig. 4 ). 2 concentrations. Plasma total ghrelin concentrations were significantly higher in tumorbearing mice than in freely-fed non-tumor-bearing mice without provision of exogenous ghrelin (p<0.05, Fig. 5 ). Plasma total ghrelin concentration was further increased in tumor-bearing mice only when the high dose of ghrelin was provided (p<0.05), while similar plasma increases of ghrelin were found at both low and high doses in freely-fed non-tumor-bearing mice (p<0.05, Fig. 5 ). Ghrelin treatment did not alter plasma PGE 2 concentrations significantly in either freely-fed non-tumorbearing or tumor-bearing mice (Fig. 6) .
Plasma ghrelin and PGE

GHS-R expression in hypothalamus.
GHS-R expression in hypothalamus was significantly higher in untreated tumorbearing mice compared with untreated freely-fed non-tumorbearing mice (p<0.05, Fig. 7 ). Low-dose ghrelin treatment did not alter GHS-R expression in hypothalamus in either freely-fed non-tumor-bearing or tumor-bearing mice, while high-dose ghrelin treatment downregulated GHS-R expression in hypothalamus of tumor-bearing mice (p<0.05, Fig. 7) . GHS-R expression in hypothalamus was confirmed at protein level by Western blot analysis (Fig. 8) . Immunohistochemical double staining demonstrated that GHS-R was co-expressed with NPY in some neurons of ARC, PVN and VMH nuclei of hypothalamus (Fig. 9) .
Ghrelin expression in gastric fundus. Ghrelin expression in gastric fundus was comparable among freely-fed non-tumorbearing mice, tumor-bearing mice and tumor-bearing mice on high-dose ghrelin (p>0.05, Fig. 10 ).
Discussion
Ghrelin is a well-documented orexigenic factor with pronounced effects in regulation of energy homeostasis. Thus, ghrelin may stimulate food intake in rodents and humans by mechanisms other than those implicated for growth hormone administration, either centrally or peripherally (8, 18) . It has been demonstrated that growth hormone (GH) secretion on food intake is mediated by GHS-R type 1a, since GHS-R type 1a KO mice are unresponsive to ghrelin concerning increased appetite (26) . Thus, ghrelin stimulates food intake through the release of Agouti-related protein (AgRP) and NPY in hypothalamus. It has also been found that ghrelin increases the expression of mRNA for AgRP and NPY (27) and triggers the expression of immediate early-response genes in NPY and AgRP neurons in ARC (28) (29) (30) . Ghrelin induced potent orexigenic effects in NPY null mice by AgRP (31) , and activated directly a population of isolated orexin neurons in lateral hypothalamus (LHA) (32) . It has also been implied that ghrelin is expressed in a previously uncharacterized group of neurons in the hypothalamus. These neurons lie in the space between the ARC, PVN, VMH and LHA hypothalamic nuclei, even with projections to several nuclei outside the hypothalamus (33) . In addition, GHS-R has been detected on vagal afferent neurons in the rat nodose ganglion (34, 35) . Consequently, vagotomy would inhibit ghrelin to stimulate food intake and GH release (34) . Thus, fasting-induced elevation of plasma ghrelin was reported to be completely abolished by either subdiaphragmatic vagotomy or atropine treatment (36) . Accordingly, it was concluded that ghrelin signals from the stomach are transmitted to the brain via the vagus nerve and circulating ghrelin.
In the present study, we confirm that GHS-R are coexpressed with NPY on neurons in ARC, PVN and VMH, and that peripheral ghrelin (i.p.) administration stimulates food intake in a dose-dependent manner in normal mice, which caused weight gain of mainly increased adipose enlargement as reported by others (8, 18) , while food intake of tumorbearing mice became resistant to ghrelin. Only a high dose of ghrelin improved food intake and body composition in tumorbearing mice, despite GHS-R expression in hypothalamus being increased in the basal state. However, a positive relationship was not found between increased plasma ghrelin and ghrelin mRNA expression in gastric fundus of tumorbearing mice, but the high dose of ghrelin downregulated GHS-R expression in hypothalamus of tumor-bearing mice. In line with the present findings it has been reported that circulating ghrelin is increased in human cancer patients with 2 ] in brain hypothalamus at day 10 in freelyfed non-tumor-bearing (CON) and tumor-bearing mice (TB). Expression was significantly higher in TB mice versus CON mice. In TB mice, high-dose ghrelin treatment inhibited GHS-R expression in hypothalamus but low-dose ghrelin treatment did not ( * p<0.05; n≥ 7 mice in each group; a, p<0.05 vs TB). cachexia (37) , and both ghrelin biosynthesis and secretion was upregulated in cachectic nude mice bearing human melanoma cells (38) . Thus, circulating ghrelin may have enhanced the secretion of growth hormone which stimulated growth of muscle and bone tissue not only in normal rodents but also in cachectic rats with chronic heart failure (29,39). Furthermore, the NPY mRNA level in the hypothalamus was increased in SEKI tumor-bearing mice with anorexia/ cachexia (20) , and i.p. administration of ghrelin augmented hypothalamic NPY mRNA expression (40) . In addition, ghrelin may also promote anti-anorexic effects by attenuation of proinflammatory cytokines and activity of nuclear factor-κB in endothelial cells of cachectic tumor-bearing hosts (41) . The current results indicate that the ghrelin-GHS-R system plays an inefficient compensatory role in cancer-induced anorexia. The effects of anorexia/cachexia-inducing factors, related to the tumor burden, may outweigh the effects of endogenous anabolic factors by circulating ghrelin, GHS-R and increased NPY in hypothalamus. Thus, cancer anorexia may be mediated via mechanisms that compete with or are downstream of ghrelin. Treatment with a central melanocortin receptor 3/4 antagonist (SHU9119) was reported to reverse cancer anorexia and increase body weight in a prostate adenocarcinoma rat model (15) , suggesting that the melanocortin signaling system may be more important than ghrelin resistance to explain cancer anorexia. The MCG tumor-bearing model is characterized by increased circulating plasma PGE 2 concentrations. In previous studies, we have demonstrated that cyclooxygenase (COX) inhibitors (indomethacin) decreased tumor growth due to reduced prostanoid production in both MCG101 tumor and host tissues. This led to reduced tumor cell proliferation and increased food intake and body weight (42), in part explained by EP 1 and EP 3 receptor control of local MCG growth (43). Expression of EP 1 in the liver and EP 4 receptor in white adipose tissue was upregulated and responded to indomethacin treatment, while downregulated expression of EP 3 in skeletal muscle from tumor-bearing mice was unresponsive to indomethacin treatment despite improved carcass weight (44) . In the present study, tumor growth and plasma PGE 2 concentration were not significantly attenuated by ghrelin, suggesting that PGE-EP receptor signals and the ghrelin-GHS-R pathway belong to different transductions in the development of tumorinduced anorexia. Thus, a combination of COX inhibition and ghrelin administration may have additive effects on MCGinduced anorexia/cachexia.
Ghrelin may sometimes promote cell proliferation and invasiveness of cultured pancreatic adenocarcinoma cells dose-dependently (45) . However, in the present study, ghrelin treatment did not alter tumor growth, indicating that MCG tumor cells are not particularly sensitive to ghrelin perhaps due to a lack of or low GHS-R expression in tumor cells (not shown).
In conclusion, plasma ghrelin concentration and GHS-R expression in hypothalamus were compensatorily increased in anorexic weight-losing MCG 101 tumor-bearing mice, indicating development of ghrelin resistance. The orexigenic effect of ghrelin was partially blunted, indicating appearance of ghrelin resistance in tumor-bearing mice. Thus, our results imply other major factors downstream of ghrelin to be highly significant to explain tumor-induced anorexia. Our present findings agree with the indirect evidence of ghrelin resistance in cancer and non-cancer patients (14, 37, 46) . Despite this resistance, ghrelin can attenuate cancer-induced anorexia/ cachexia (19) . 
